Charpy ABSTRACT. Most researchers define the upper shelf as that temperature range in which the surface of the Charpy V-notch (C v ) specimen exhibits an appearance indicative of a 100% ductile fracture, and the onset is the lowest temperature at which 100% ductile fracture is observed. The determination of the percent ductile fracture in a tested C v specimen depends on interpretation and can vary from individual to individual.
Introduction
For many large ferritic steel pressure vessels, assurance of continued safe operation depends on the fracture toughness properties of the base metals and weld metals which are used in the vessel fabrication. Operating conditions can be controlled to the extent that pressure is not applied until the temperature of the vessel is above that of the onset of the Charpy V-notch (C v ) upper shelf. This assures that the material possesses sufficient fracture toughness to avoid fast fracture.
Identifying the onset of C v uppershelf toughness is of paramount importance to the continued integrity of a pressure vessel. Most in-service surveillance programs require that the C v upper-shelf toughness be determined. This is particularly true for the surveillance programs for nuclear pressure vessels. In the nuclear systems the change in C v upper-shelf energy due to irradiation must frequently be determined with a limited number of surveillance specimens.
Currently, fracture appearance is the criterion used to assure that the tests are being conducted in the C v uppershelf temperature range. This procedure is satisfactory when a number of specimens are available and accessible for interpretation. This is not always the case; irradiated specimens must be remotely tested and interpreted.
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Examining a specimen remotely may result in an erroneous interpretation of the fracture surface. To avoid this possibility we have developed a procedure, using an instrumented Charpy impact tester, that by linear extrapolation can identify the onset of the C v upper-shelf toughness regime with as few as two specimens.
This paper discusses the development of the procedure and its application. This procedure is used currently at ORNL in irradiation damage studies. When testing irradiated C v specimens, in particular weld metal specimens, we have more confidence in the results obtained with this procedure using the instrumented impact tester than in the fracture appearance criterion.
Materials Investigated
The procedure discussed in this paper was developed for nuclear pressure vessel steels and their weldments. Consequently these materials served as the basis for the development of the procedure.
Two general grades of steel are currently employed in the fabrication of pressure vessels for nuclear reactors. They are Mn-Vi Mo-1 /2 Ni (typified by SA-533 grade B class 1 plate) and VA Ni-% Mo-% Cr-V (typified by SA-508 class 2 forgings). However, this procedure is applicable to any steel and hence TA Cr-1 Mo (A 387 grade D) and C-Mn-Si (A 212 grade B) steels were included in this study. Table 1 contains the chemical analysis and minimum mechanical property requirements for these steels. These low alloy steels may become embrittled as a consequence of exposure to irradiation. The degree of embrittlement depends to a large extent on residual elements, principally copper and phosphorus, that are usually found in commercial heats of these steels. The embrittlement is reflected by a change in toughness and strength properties.
Surveillance programs are designed to monitor property changes that occur in the steels and weld metals employed in the fabrication of a nuclear pressure vessel, and these changes are considered in the operation of a nuclear power system. The requirement that the beltline region of a nuclear pressure vessel absorb at least 102 ) (75 ft-lb) energy at Cv upper-shelf temperatures is mandated by law. 1 they were asked to describe their method for assuring that they are indeed reporting upper-shelf energy data. Each had a somewhat different methodology in his testing program, but all depended on fracture appearance as their criterion. Their requirements are that the fracture surfaces of the C v specimens exhibit an appearance indicative of nearly 100% shear fracture. This practice is universally employed for assuming that testing was being conducted at C v uppershelf temperatures. The use of fracture appearance as a criterion depends on individual interpretation of the fracture surface. Hence, differences of opinion in the interpretation of the surface and consequently percent of ductile fracture are possible.
Surveillance Requirements

United
The determination of the C v toughness of irradiated specimens requires that they be tested remotely, in hot cells, behind about 1 m (3 ft) of concrete and glass. The interpretation of the surface appearances of these specimens becomes quite difficult, and the percent ductile fracture may be difficult to ascertain. The fracture surfaces of C v specimens machined from irradiated weld metal are particularly difficult to interpret.
The Nuclear Regulatory Commission (NRC) recognizes this problem with irradiated material and desires a standard method for assessing the effect of irradiation on the upper-shelf C v toughness of reactor pressure vessels. Its interest lies in the development of an objective definition of the C v upper shelf based on a reproducible test procedure that is acceptable to the industrial community. The NRC recognizes that the number of irradiated specimens is often limited, and a precise and repeatable method is desired for describing the onset of the C v upper shelf.
In view of the possible variations in C v upper-shelf behavior (Fig. 1 ) and the uncertainty involved in the interpretation of a fracture surface, the authors have determined an improved method for identifying the temperature of onset of the C v upper shelf. We feel that the method described in this paper provides an objective procedure for accurately determining the temperature of the onset of the C v upper shelf.
Development of the Load-Drop Procedure
Review of Archive Test Data
To avoid vagueness or misinterpretation in the selection of an uppershelf energy value, we sought a definition based on a specific criterion that could be readily obtained in a conven-
7 test series and other government-sponsored programs (ERDA and DOE).
The C v tests were run on an instrumented Baldwin impact tester, model S11C. The tester shown in Fig. 2 automatically cools (or heats) the C v specimen and moves it into position for testing. The striker that contacts the specimen is instrumented with strain gages, and a load-time curve can be obtained for each test. This capability was (and is) used during all C v testing in the Pressure Vessel Technology Laboratory at ORNL.
The ability to generate a load-time curve for the C v test provides a permanent record of a test series. Hence, in addition to the absorbed energy (read from the machine dial), lateral expansion (a post-test measurement), and fracture appearance (estimated percent ductile fracture), a permanent record (Polaroid camera print or loaddeflection trace) of the load-time curve is obtained for each test. (Before a computerized storage system was acquired, the load-time traces were obtained with an oscilloscope, and a Polaroid photograph was taken and stored as part of the test records.)
We have reviewed the load-time curves for the state-of-the-art nuclear pressure vessel steels, as well as plain carbon (ASTM A 212 grade B) and low alloy (2 1 /4 Cr-1 Mo) steels. In reviewing the C v load-time records for these steels we found that in all the tests unstable crack extension-that is, pop-in-occurs in the transition temperature range. This sudden crack extension is reflected as a drop in load in the load-time curves and is easily determined. The drop-in-load value (AP) decreases with increasing temperature in the transition range. Figure 3 contains the results of a series of C v tests. The traces are representative of the data obtained when a C v test series is conducted on an instrumented impact tester. The definition of the drop in load, AP, is clearly labeled in Fig. 3(b) . The variation in the load-time curves ASTM A 212 grade B steel is shown as a function of temperature. The drop-in-load, AP, in thePvs. tcurvecan beeasily observed in (c) through (g) in Fig. 3 . The AP values vary from a maximum of 15.8 kN (3550 lb) at -18°C (0°F) to 3.6 kN (800 lb) at 27°C (80°F). At 38°C (100°F) the AP is zero. The temperature at which AP becomeszero can be used to define the onset of the upper-shelf energy in a C v test. This possibility is clearly seen in the graph in the center of Fig. 3. A review of the archive C v data available for SA-508 class 2 and SA-533 grade B class 1 steels investigated in the HSST Program provided similar correlations between AP and the onset of the upper shelf. The curves presented in Fig. 4 are representative of the correlations between AP and Cy energy noted in this review. The results for the ASTM A 212 grade B steel illustrated in Fig. 3 included. Both the SA-533 grade B class 1 and SA-508 class 2 steels exhibit a decrease in the drop-in-load (popin) in the transition regime as a consequence of temperature increase. The temperature at which AP becomes zero in both steels corresponds to the onset of upper shelf.
As a further check on the validity of this choice, we reviewed the load-time curves obtained from tests of irradiated nuclear pressure vessel steels and unirradiated low carbon 2VA Cr-1 Mo steel.
s The C v curves and pop-in loads for a low carbon 214 Cr-1 Mo steel are shown in Fig. 5 . This steel had C v energy values in excess of 330 J (240 ft-lb) at -46°C (-50°F) (the C v specimen stopped the pendulum) and equal to 11 J (8 ft-lb) at -59°C (-75°F). The corresponding AP values are zero and 13.8 kN (3100 lb). Again, the temperature at which AP becomes zero corresponds with the onset of C v upper-shelf behavior. Figure 6 contains the results of tests conducted to determine the effect of irradiation on the C v properties of pressure vessel steels." The irradiated materials provide results similar to those observed for the unirradiated steels; the temperature at which the drop-in-load becomes zero corresponds with the onset of the upper shelf. The temperature at which the onset of upper shelf occurs in the unirradiated condition is influenced by the anisotropy of the steel.
It is evident in Fig. 6 that the WR orientation achieves upper shelf at a temperature approximately 20°C (40°F) lower than does the RW orientation. There is also a difference of about 40 J (30 ft-lb) between the two shelf values, the RW having the higher energy. The onset of the C v upper shelf after irradiation is not influenced by the original plate anisotropy. The use of the drop-in-load correlation for defining the onset of C v upper shelf is particularly attractive when irradiated weld metal specimens are tested. The use of the AP criterion will minimize the number of specimens required to assure that upper-shelf energy values have been obtained.
Trial Applications of the Procedure
The drop-in-load correlation provides an unambiguous criterion for defining the onset of C v upper-shelf energy. Such a criterion can be used by any organization with an impact tester that has the capability of obtaining a load-time (or load-deflection) trace for individual tests. Ideally, the instrumented test system is equipped to obtain a copy of the load-time curve, and this information can become part of the permanent record for the pres- Figure 7 compares fracture appearance, drop-in-load, and C v energy for the same SA-533 and SA-508 specimens of Fig. 4 . The 100% fibrous fracture appearance and the zero drop in load occur at the same temperature. The advantages of the zero drop-inload criterion are:
1. The ability to predict the zero-AP temperature and hence onset of C v upper shelf with as few as two specimens.
2. The availability of an electronically generated load-time trace that can be part of the materials' permanent record.
3. Elimination of the need for a partially subjective interpretation of a fracture surface. This is especially important when interpreting fractures in weld metals.
In our procedure for determining the onset of upper-shelf behavior in a C v test, we have elected to use load drop (AP) as the criterion. Using the load drop criterion requires that the trace be calibrated with actual load values; this, therefore, is the most complicated method for identifying the onset of upper-shelf behavior. A similar result can be achieved by using percent drop in load. The percentage can also be based on the ratio of the drop in load to the maximum load. This latter procedure has been found to be equally successful for determining the onset of C v upper-shelf behavior.
1 "
The HSST Program 7 has conducted extensive studies regarding the effect of irradiation on nuclear pressure vessel steels and weld metals. These studies are directed toward determining the effect of irradiation on the loss of upper-shelf energy and the shift in transition temperature. The number of irradiated specimens is usually limited, and we employ the load drop (or percent load drop) to pinpoint the onset of C v upper-shelf behavior. Frequently, it has been necessary to determine the onset temperature with as few as two C v specimens.
As part of this testing procedure the fracture appearance (percent fibrous fracture) has also been categorized. We often encountered situations, particularly with weld metals, in which the fracture appearance has been reported as 95 to 100% ductile, yet the C v specimen has undergone a 50% drop in load.
In reviewing these results we have found that the drop-in-load criterion correlates with the impact energy values measured during testing, whereas the fracture appearance criterion gave a false impression that C v testing was conducted at upper-shelf temperatures. Interpreting surface appearance remotely is difficult and may be unreliable. Visually examining the fracture surface is particularly difficult in tests with irradiated weld metals. We, therefore, recommend that the use of an instrumented impact tester should be a requirement in all hot-cell tests.
Correlations with Nil-Ductility Testing
In the absence of an instrumented impact tester, we recommend a correlation of the C v testing procedures with the reference temperature nilductility temperature (RT NOT ), a material property determination that is required in the Code 11 for all steels employed in the fabrication of a class 1 nuclear pressure vessel. Nil-ductility temperature (NDT) appears to be related to upper-shelf energy for the low alloy high-strength steels and weldments employed in the fabrication of nuclear pressure vessels. The NDT was determined by the drop-weight test for the SA-533 grade B class 1 and SA-508 class 2 steels whose Cv toughness properties are presented in Fig. 7 . The NDT for these two steels are -32 and -18°C (-25 and 0°F), respectively. At NDT + 83°C (150° F) and NDT + 100°C (180°F), the Cv values reflect uppershelf toughness for the SA-533 grade B class 1 and SA-508 class 2 steels, respectively.
To assure that upper-shelf Cv values for SA-533 grade B class 1 and SA-508 class 2 are indeed being obtained, we suggest that testing should be conducted at NDT + 110°C (200°F). This increase above NDT, which is about 10 to 30°C (about 20 to 60°F) above the temperature at which AP = 0, will assure that Cv testing is being conducted on the upper shelf.
We recognize that the NDT will vary from steel grade to steel grade. For example, the onset of upper shelf for the low carbon 2VA Cr-1 Mo steel shown in Fig. 5 is only about 14°C (25°F) above the NDT. Hence, while we recommend NDT + 110°C (200°F) for the SA-508 class 2 and SA-533 grade B class 1 steels, we do not consider the 110°C temperature add-on as being a universal constant for all steels. 
Conclusions
